Abstract. Fast photochemical oxidation of proteins (FPOP) may be used to characterize changes in protein structure by measuring differences in the apparent rate of peptide oxidation by hydroxyl radicals. The variability between replicates is high for some peptides and limits the statistical power of the technique, even using modern methods controlling variability in radical dose and quenching. Currently, the root cause of this variability has not been systematically explored, and it is unknown if the major source(s) of variability are structural heterogeneity in samples, remaining irreproducibility in FPOP oxidation, or errors in LC-MS quantification of oxidation. In this work, we demonstrate that coefficient of variation of FPOP measurements varies widely at low peptide signal intensity, but stabilizes to ≈ 0.13 at higher peptide signal intensity. We dramatically reduced FPOP variability by increasing the total sample loaded onto the LC column, indicating that the major source of variability in FPOP measurements is the difficulties in quantifying oxidation at low peptide signal intensities. This simple method greatly increases the sensitivity of FPOP structural comparisons, an important step in applying the technique to study subtle conformational changes and protein-ligand interactions.
Introduction
H ydroxyl radical protein footprinting (HRPF) by fast photochemical oxidation of protein (FPOP) is a technique that measures the apparent rate of protein oxidation by freely diffusing hydroxyl radicals, and correlates changes in this apparent rate with changes in the solvent accessibility of the protein oxidation target [1] . This technique has been applied in a number of applications, including protein-protein interaction, protein folding, protein-ligand binding, and membrane protein topography [2] [3] [4] [5] . Each set of FPOP experiments is performed in replicates to allow for modeling of error, allowing for changes in apparent oxidation to be measured for statistical significance. Reliable interpretation of FPOP data relies on strong statistics to ensure both sensitivity and specificity. However, the higher variability between replicates greatly impacts applied statistics by introducing error into the data and decreasing the ability to reliably reject the null hypothesis (i.e., detect relatively small differences in apparent rates of oxidation).
FPOP data acquisition and analysis involves three major potential sources of variability: (1) inherent structural variability from replicate to replicate; (2) variability in the radical exposure process (e.g., variable light fluence, variable radical half-life, variable post-irradiation quenching); (3) variability in post-oxidation sample measurement by LC-MS(/MS) (e.g., variable tryptic digestion efficiency, variable instrument response). Considerable effort has gone into identifying and correcting major sources of error in labeling-induced artifacts [6] , reproducible and measurable radical generation and scavenging [7, 8] , and proper methods for quenching of secondary oxidants [9, 10] . However, even after including these advances in methodology, FPOP studies where the coefficient of variation of oxidation (CV) of some peptides is much higher than that of the other peptides in the sample are still frequently reported by leading groups in the field, often reaching a CV 0.6 or higher [5, [11] [12] [13] [14] . Understanding the major source(s) of observed variability is crucial in correcting such variability and improving the sensitivity of the technique.
Here, the root of this remaining variation was explored using ten different proteins on which the FPOP was performed in our laboratory. Correlation of FPOP CV with spectral characteristics quickly revealed a strong correlation between FPOP oxidation CV and the total signal intensity of all oxidized and unoxidized versions of the peptide (average summed peptide intensity, ΣPI) across all ten proteins tested. By injecting different amounts of sample to increase ΣPI within the same sample, we tested the causality of signal intensity to CV and found that increasing the sample load in LC-MS/MS reliably decreases the CV between replicates. Based on our data, we are able to estimate the amount of variance that is contributable to poor signal intensity versus other experimental considerations. Finally, we demonstrate that misidentification of peptide oxidation products can sometimes be detected by the deviation of a sample from the established relationship between signal intensity and CV. 
Experimental

Materials
FPOP of Proteins
HRPF by FPOP experiments were performed as previously described [13] . In summary, sample mixtures were prepared in triplicate, each containing 2-10 μM protein, 1 mM adenine as a radical dosimeter, 17 mM glutamine for radical scavenging, and 20 mM sodium phosphate buffer. Freshly made hydrogen peroxide was added to each sample at 100 mM immediately prior to laser exposure. Samples were flowed through a fused silica capillary through the path of a pulsed focused laser (fluence~5 mJ/mm 2 /pulse, depending on the sample) at a flow rate calculated to illuminate each volume of sample with a single laser pulse, with~20% of the volume as an unirradiated buffer volume. After laser irradiation, the oxidized protein sample was quenched in a 25 μL quenching solution containing 25 mM methionine amide and 50 nM catalase. Adenine UV absorbance was measured at 260 nm using a Nanodrop 2000C UV/VIS spectrophotometer (Thermo Scientific) to ensure consistent effective radical dose between replicates. After oxidation and quenching, Tris buffer was added to a final concentration of~45 mM (pH 8.0). The protein was reduced by adding DTT to 5 mM and denatured by incubating at 95°C for 20 min. The samples were immediately cooled down to room temperature. Samples were digested by adding trypsin to the sample protein (1:20 weight ratio) and incubating them at 37°C for 14 h, and digestion was terminated by heating to 95°C for 10 min to inactivate the protease [16] . When necessary, peptides were deglycosylated using PNGase F.
Mass spectral analysis of peptides was conducted on a Thermo Scientific Orbitrap Fusion Tribrid (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Ultimate 3000 Nano UHPLC system (Dionex, Sunnyvale, CA, USA) using a 150 × 0.75 mm PepMap 100 C18, 2 μm particle size, analytical column (Thermo Fisher Scientific) in trapping mode with a C18 trap cartridge. Peptides were eluted at a flow rate of 0.3 μL/min, using a gradient elution, 2% acetonitrile in 0.1% formic acid isocratic hold for 6 min, 2 to 40% acetonitrile in 0.1% formic acid, run from 6 min to 28 min, after increasing to 95% acetonitrile between 28 and 33 min, an isocratic hold run until 35 min, followed by a gradient decrease to 2% acetonitrile from 35 to 36 min. The column was re-equilibrated to 2% acetonitrile at the end of each run with an 8-min isocratic step that ended at 45 min. MS analysis was performed by nanoelectrospray ionization in positive ion mode using the Orbitrap mass analyzer, with a nominal resolution of 60,000 and an m/z range of 200 to 2000. Peptides were selected for isolation by data-dependent acquisition and fragmented by both collision-induced dissociation (CID) at 35% collision energy and by electron transfer dissociation (ETD) for charge states +3 and higher with a 100 ms reaction time. For +2 charge states, ETD with 5% CID supplemental activation was used.
Both fragmentation modes were used for peptide identification by database search.
Data were analyzed by computer-assisted manual validation. Byonic version v2.10.5 (Protein Metrics) was used to identify oxidized gp120, VAR2CSA, SKP1, bCSE, hCSE, RNAP, RPTP-sigma, lysozyme, myoglobin, and COSMIC peptide sequences using a sequence database for each protein. For all peptides detected, the major oxidation products were net additions of one or more oxygen atoms. Masses of oxidized peptides were calculated by adding n * 15.9949/(charge state of the peptide) to the unoxidized peptide mass, in which n is the number of oxygen atoms added to the peptide. The area under the curve (AUC) for peaks of unoxidized and oxidized peptides was used to calculate the oxidation events per peptide according to Eq. (1), below. In short, the oxidation events per peptide (OEP) were calculated by summing the AUC for each peptide multiplied by the number of oxidation events on the peptide over the sum of all AUCs, where I is the AUC of each oxidized peptide.
Coefficient of variation was indicated by the standard deviation of OEP divided by the mean OEP for each oxidized peptide measured in each protein tested. Average summed peptide intensity (ΣPI) was calculated by summing the average AUC of all oxidized and unoxidized peptide in each triplicate sample.
Observed changes in HRPF oxidation were analyzed by a two-tailed Student's t test to test for statistical significance, with α = 0.05.
Results and Discussion
Relationship of OEP Coefficient of Variation with ΣPI of Each Peptide
Ten proteins were analyzed using HRPF-FPOP and oxidation event of each peptide was measured in triplicate at the peptide level. The relationship of ΣPI and OEP CV was examined for 180 peptides of ten different oxidized proteins. For each, the relationship of the CV in the measurement of the number of OEP from triplicate analyses was analyzed and correlated with ΣPI for that peptide in both unoxidized and all detected oxidized forms. The result of this correlation is shown in Figure 1 . At low ΣPI, the CV of OEP varies widely, reaching over 0.9 for some peptides. However, as ΣPI increases above a value of 3 × 10 9 , the CV of OEP reaches a very stable and predictable value of 0.125 ± 0.090. These results suggest that high CV of OEP is not primarily a function of reproducibility of oxidation and/or quenching, but rather a function of the reproducibility of LC-MS measurement.
Increasing Injected Sample Decreased CV of OEP
Based on the obtained relationship between OEP CV and ΣPI, we hypothesized that injecting more sample could result in significantly lower OEP CV. Therefore, the effect of different injection volumes of the same sample on OEP CV was investigated. While the correlation between ΣPI and CV of OEP held for all proteins tested, only two proteins (gp120 and Skp1) resulted in very high ΣPI values. So in order to test the effect of peptide ΣPI on OEP CV, we tested three proteins: COSMC, lysozyme, and myoglobin. These proteins represent different ranges of ΣPI in Figure 1 to see if increasing ΣPI would increase OEP CV: COSMC gave peptides with low ΣPI, lysozyme primarily gave peptides with high ΣPI, and myoglobin gave a range of ΣPI between the two. Two different volumes, 2 and 5 μL, of the same oxidized protein tryptic peptide triplicate samples were injected for C18 LC-MS analysis using the same method. As shown in Figure 2 , increasing the overall amount of the same sample injected had large effect on the standard deviation of measurement, markedly decreasing the OEP CV for each peptide. For COSMC, as the ΣPI increases ten times Figure 2 . Effect of injection amount on the oxidation event per peptide measurements of three different proteins: (top) hen egg white lysozyme, (middle) horse heart myoglobin, and (bottom) COSMC. Solid and outlined columns represent 2 and 5 μL injection volume, respectively. Error bars represent the oxidation events per peptide standard deviation. A two-tailed Student's t test was performed to test statistical significance between the OEP of each peptide at two different injection amounts, and found no statistically significant differences (α = 0.05) from peptide to peptide, and for no peptide were the changes statistically significant (α = 0.05), suggesting that the changes from injecting more sample are changes in precision of the measurement, not accuracy. Increases in the injection volume led to small increases in the chromatographic peak width, but peaks remained very narrow (~3-4 s full width at half maximum intensity) and consistent with typical UHPLC separations. Increases in sample load actually decreased the observed peak width for very low signal intensity oxidation products, as chemical noise could still play a significant role in extracted ion chromatogram peak areas at very low signal intensities, even at 10 ppm mass accuracy.
Detecting Misidentifications of HRPF Products by High CV at High Peptide Intensity
While the correlation between ΣPI and OEP CV is robust, we wanted to test if this correlation is sufficiently robust to be predictive. Peak misassignment in LC-MS data is a common problem in FPOP HRPF for novice practitioners of the technique. Given the relationship between ΣPI and OEP CV observed in Figure 1 , we tested the ability to screen for misassignments of LC-MS peaks using this relationship. Initial analysis of the plotted COSMC HRPF data indicated there were two outliers with OEP CVs much greater than expected that observed from the general trend ( Figure 3 ). Close manual review of the data by a more experienced practitioner indicated that each outlier had an assigned oxidized peptide with an unusually high mass error ( Figure 4 , Table 1 ). Additionally, both peptides violated the expected binomial distribution for peptide oxidation products typically observed (e.g., peptide X-Y+4O was assigned when peptide X-Y+3O was not observed) [6] . Finally, the ETD MS/MS fragments of the first hypothetically misidentified oxidized peptide, KDPSQPFYLGHTIK with four oxidation events, which has a + 12.316 ppm mass error, were not matched to any of the c or z ions of the peptide ( Figure S1 ). No ETD or CID MS/MS fragmentation was found for the second hypothetically misidentified oxidized peptide, SGDLEYVGMEGGIVLSVESMK with three oxidation events and a + 9.55 ppm mass error. When these misassigned oxidation products were included in the calculation of the OEP data for each of these peptides, these peptides clearly violated the ΣPI correlation with OEP CV. After removing the two misidentified oxidized peptides, the remaining data for the peptides fit perfectly with the overall data indicating that the two outliers were due to the misidentification of oxidized forms of the peptides. These results suggest that the relationship between OEP CV and ΣPI may also be useful in auditing assignments of oxidation products, which is especially important in the development of automated tools for FPOP data analysis.
Conclusions
The overall purpose of this work was to determine the primary cause of high variability often reported in FPOP data that made it less reliable when trying to detect protein structural changes. This high variability has been reported across a wide variety of unrelated proteins by a number of labs and shows no obvious correlation with peptide physical properties. We demonstrated the strong correlation between the average summed peptide intensity (ΣPI) and the coefficient of variation of oxidation events per peptide (CV of OEP). Further, we demonstrated that injecting larger amounts of the same sample onto the column greatly reduces the CV of OEP, which should be considered in conducting FPOP experiments and analysis to increase sensitivity. By loading more samples onto the column, we have higher peak intensity which results in a lower CV of OEP, and therefore, it leads to higher statistical power for the analysis, useful for both comparative analyses and absolute analyses of protein topography by FPOP HRPF [17] . Recently, Storek and coworkers at Genentech released an FPOP study using analytical scale chromatography (2.1 mm column ID), which offers much higher LC-MS stability and signal intensity at the cost of much higher sample consumption. The results published exhibited consistently low CV of oxidation [18] , supporting our findings here that poor precision in modern FPOP workflows is caused largely by low signal intensity, and this can be remediated (at least in many cases) by increasing the amount of sample injected for LC-MS analysis. While we have only tested this relationship in FPOP HRPF, this method of improving accuracy and sensitivity in HRPF may be valid regardless of the method of radical generation [1, [19] [20] [21] [22] [23] , as the source of variability identified is in the common LC-MS measurement, not the radical exposure method. Bolded entries indicate a suspected misassignment
